INTRODUCTION
The corrosion problems caused by fuel contaminants (alkali metals, sulfur, and sodium) and ingested sea salt on the hot section components of marine gas turbine engines have been widely recognized over the years. Several generations of metallic coatings have been developed to improve the corrosion resistance of turbine blades and vanes. However, none of the metallic coatings are 'inert', and the coating penetration and the resulting substrate corrosion often limits the lives of hot section components.
Yttria stabilized zirconia (6 to 8 wt% yttria) is the stateof-the-art ceramic material that is utilized for thermal barrier coating applications. The use of thermal barrier coatings (TBCs) has the potential to increase the engine efficiency by permitting increased turbine inlet temperature at current metal temperatures, or by maintaining current turbine inlet temperatures and reducing coolant requirements which decreases the efficiency penalties associated with cooling air usage. Alternatively, TBCs can be utilized to reduce metal temperatures and extend blade lives.
The U.S. Navy has in its inventory a large number of LM2500 stage 1 and stage 2 blades which have been in engine operation for between 5,000 and 15,000 hours. The Navy would like to be able to repair and reuse most of these blades. With this objective, a number of selected coatings were deposited on the blades; these will be service evaluated in two marine rainbow rotors to try and validate the repairability of these blades. General Electric's LM2500 engine is used both for power generation as an industrial gas turbine, and for marine propulsion. In this paper, the performance of TBCs and metallic overlay coatings in an oxidation environment of an industrial rainbow rotor will be discussed. The paper will also present plans for a marine rainbow rotor evaluation of TBCs, and selected metallic overlay and diffusion coatings.
MARINE LM2500 RAINBOW ROTOR
In the mid-1980's, stage 1 twin shank HPT blades with several coatings were evaluated by the US Navy on the GTS Callaghan. After approximately 1,000 hours of testing, the coatings were evaluated, and the PVD YSZ had performed extremely well in resisting marine corrosion (Grossklaus et al 1986) . There was no evidence of TBC corrosion. However, when the service evaluation was continued for a total of 3,613 hours, borescope inspection showed that all the TBC coated blades had extensive TBC spallation. The blades from this rotor have not yet been disassembled for detailed evaluation. The TBC on these blades was deposited on BC21 (PVD CoCrA1Y) bond coats. Neither the bond coat nor the PVD TBC deposition processes were optimized in the mid-1980's and the reason(s) for the TBC spallation after 3,613 hours will have to await the rotor disassembly.
In laboratory testing of coated specimens, selective leaching of yttrium oxide from YSZ coatings in a sodium sulfate + sulfur trioxide environment was first reported by Barkalow et al (1979) . At fixed S03 pressure, the YSZ coating suffered a greater loss of yttria at 700°C than at 980°C. At each test temperature, higher S03 pressures caused a greater loss of yttria. The S03 pressures in these tests were of the order of 10-3 to 10-4 atmospheres. Later laboratory tests have also shown that yttria does react with sulfur trioxide to form yttrium oxysulfate and/or yttrium sulfate (Jones et al 1985) . These reactions were found to occur at temperatures of 750 to 950°C and sulfur trioxide partial pressures of approximately 10 -5 atmosphere. The S03 partial pressures for the sulfation of yttria were higher at higher temperatures and lower in the presence of molten sodium sulfate deposits. In engine tests (Grossklaus et al 1986 , Wortman et al 1989 , and laboratory burner rig tests (Nagaraj et al 1994) , sulfation of the yttria content of the YSZ has not been observed, probably because the S03 partial pressures were not sufficiently high.
In the current work, twin shank stage 1 and stage 2 blades with between 5,000 and 15,000 hours of service were selected for refurbishment. Any existing overlay coating (primarily BC21) was stripped, and the tips weld repaired with IN617. A number of corrosion resistant coatings including plasma sprayed CoCrA1Hf (bill of material), composite plated CoCrA1Hf, platinum aluminide, aluminum suicide, and physical vapor deposited yttria stabilized zirconia thermal barrier coating (PVD TBC) were deposited. A brief description of these coatings is given below.
Platinum Aluminide
The stage 1 and stage 2 Rene 80 blades were deposited with pack platinum aluminide by Howmet Corporation. The platinum aluminide coating had a two phase outer layer, and a diffusion zone. The total thickness of the platinum aluminide coating was approximately 2.5 mils. The aluminum content in the NiAI phase of the two-phase outer layer was approximately 28 wt%. The platinum content in the PtAl2 phase of the two phase outer layer was approximately 60 wt% for the stage 1 blade, and 54.6 wt% for the stage 2 blade. Typical microstructure of the two phase pack platinum aluminide on Rene 80 is shown in Figure 1 .
The Australian Navy is running a rainbow rotor of various HPT coatings on LM2500 powered HMAS DARWIN (Class FFG-44). Stage 1 and stage 2 blades, pack platinum aluminide coated by Chromalloy were included in this rainbow rotor. Borescope examination after 4,632 hours of service showed the blades to be in good condition and within the acceptance criteria of the US Navy Technical Manual (Katz and Driscoll, 1994) .
PBC22
Nominally 5 mil thick CoCrAIHf (designated PBC22) coatings were deposited on the stage 1 and stage 2 blades using the low pressure plasma spray process by Howmet Corporation. Typical microstructure of this coating is shown in Figure 2 . The coating has a two phase microstructure, the dark phase being rich in aluminum, and the matrix is rich in chromium. In the case of the stage 1 blades, the cooling holes were partially blocked by the plasma sprayed PBC22 coating. The holes were opened by acid flushing.
Composite elated BC22
Composite plated CoCrAlHf coatings were deposited on the stage 1 and stage 2 blades by BAJ Limited in Weston Supermare, England. CrAIHf particles were entrapped in a cobalt plated matrix, and heat treated to obtain the coating. Details of the process of application of the composite coatings and their laboratory evaluation have been published by Honey et al (1986 and 1988) . The coating was approximately 5 mils thick, and had a composition of approximately 24% Cr, 10%Al, and 2.5% Hf (same as that of the plasma sprayed PBC22). Burner rig hot corrosion tests at 920°C performed by General Electric showed that the composite plated CoCrA1Hf coating has a life approximately equal to that of a plasma sprayed coating of the same composition. Typical as-coated microstructure is shown in Figure 3 . For a majority of the stage 1 blades, the cooling holes were sufficiently open after coating for the blades to pass the required airflow test. The cooling holes on the blades which failed the airflow test were opened by acid flushing.
PVD TBC
Yttria stabilized zirconia (8 weight% yttria) thermal barrier coatings were deposited using the EB PVD coater by GE Aircraft Engines on the stage 1 and stage 2 blades. Prior to PVD TBC deposition, the blades were coated with pack platinum aluminide bond coats by Howmet Corporation (Duderstadt and Nagaraj 1993) . The PVD TBC was nominally 5 mils thick, and a typical microstructure of the PVD TBC is shown in Figure 4 . 
SermaLov J
The aluminum suicide coating (SermaLoy J) was applied to refurbished stage 1 and stage 2 blades by Sermatech International, Inc. The application was by the slurry aluminization process (Kircher et al 1994) . After the diffusion heat treatment, the process yields a 2-3 mil thick diffused aluminide coating containing approximately 10% silicon. The process has been used to repair imperfections and touch up parts coated by other processes. In addition, it is used by the British Royal Navy in several of their marine gas turbine engines. The U. S. Navy has performed burner rig hot corrosion tests at Naval Surface Warfare Center, Carderock Division, Annapolis, MD to evaluate this coating for several possible applications. The test procedure is described by Doering and Bergman (1969) . Preliminary results indicate that the coating performs nearly as well as several platinum aluminides. 
INDUSTRIAL LM2500 RAINBOW ROTOR
A rainbow rotor of coated stage 1 HPT blades was service evaluated in an LM2500 industrial engine installed in the western United States. The engine ran continuously on natural gas for 10,500 hours. Static oxidation was the primary mode of environmental degradation expected in this engine. Several coatings were evaluated in this rainbow rotor. The performance of the composite plated BC22, and PVD TBC coatings are discussed below.
Composite Plated BC22
Composite plated CoCrA1Hf coatings were deposited on LM2500 single shank blades by BAJ Limited in Weston Supermare, England. CrAIHf particles were entrapped in a cobalt plated matrix, and heat treated to obtain the coating. The coating was approximately 10 mils thick, and had a composition of approximately 24% Cr, 10%Al, and 2.5% Hf. Typical as-coated microstructure is shown in Figure  3 . The cooling holes in these blades were drilled after the coating.
After the service evaluation, the coating was generally in very good condition with some distress of the tip. On the leading edge, which is typically a hot region of this blade, the beta phase was consumed in approximately the outer half of the coating ( Figure 5 ). This performance is equal to or better than that of the plasma sprayed PBC22 coating of the same composition which was evaluated in the same rainbow rotor. The remaining coating thickness distributions are shown in Figure 6 . 
Thermal Barrier Coatinas
The PVD TBC coated stage 1 blades used platinum aluminide as the bond coat (Duderstadt and Nagaraj, 1993) . The TBC coated blades performed well, with the TBC intact on the suction and pressure surfaces of the airfoil (Maricocchi and Wygle, 1994) . However, TBC spallation was observed on a substantial section of the leading edge (Figure 7) , and in local regions of the trailing edge and tip of the blades This type of erosion was first reported by Nagaraj et al (1992) . The microstructure of the TBC adjacent to the spalled regions of the leading edge showed cracking and bending of the columns (Figure 8 ) due to particulate impact induced erosion. In regions of the leading edge where the TBC had spalled, the underlying platinum aluminide bond coat was not penetrated, although the bond coat was partly depleted of its aluminum content. Cross sections of the leading edge ( Figure 9 ) also showed that the TBC was adherent to the alumina (which grew on the bond coat during engine service), but the weak interface was between the alumina and the bond coat. The alumina thickness was approximately 3 microns, and the bond coat temperature was estimated to be less than 1040°C.
Local regions of TBC spallation at the trailing edge were probably caused by handling damage to the TBC. •Z Qo 0 0 0^8
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FIGURE 6 Coating thickness distribution of the composite plated BAJ BC22 coating on a LM2500 turbine blade after 10,500 hours of service. 80% is a section near the tip of the blade 20% is a section near the root of the blade 
CONCLUSIONS
1. The environmental resistance of the composite plated CoCrA1Hf coating was equal to or better than that of the plasma sprayed CoCrA1Hf coating after 10,500 hours of engine operation in an Industrial rainbow rotor. 2. The PVD TBC performed extremely well on the concave and convex surfaces of the airfoil in an Industrial rainbow rotor. The leading edge spallation was attributed to particulate impact similar to that observed in factory engine testing. Local spallation on the trailing edge may have been caused by handling damage. 3. A large number of LM2500 high pressure turbine blades with a substantial amount of marine service have been repaired and recoated with selected coatings for evaluation in a Navy rainbow rotor.
